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The aerodynami c character i  s t i c s  f o r  a w i  nged and a w i  ngl ess cruci form m i  ss i  1 e 
conf igurat ion were exami ned. The conf igurat ion had an ogi ve-cyl i nder body w i th  a 
3.5 ca l ibe r  forebody; an overa l l  length-to-diameter r a t i o  o f  11.667; and had cruci-  
form t a i l s  t h a t  were trapezoidal i n  planform. Tests were made both w i th  and wi thout  
72.9-degree cruciform. de l ta  wings. The inves t iga t ion  was made f o r  Mach numbers from 
1.50 t o  4.63, r o l l  a t t i t udes  o f  0 degrees and 45 degrees, angles o f  attack from 
-4 degrees t o  22 degrees, and t a i l  control  def lec t ions from 10 degrees t o  -40 degrees. 
I n  general, the resu l t s  ind icated t ha t  the w i  nged m i  s s i  I e  w i  t h  i t s  more 1 i near 
aerodynami c character i  s t i c s  and higher 1 i f  t-curve $1 ope, shoul d provi  de the highest 
maneuverabi l i ty over a large operational range. The wingless missi le,  w i t h  a lower 
1 i f  t-curve slope and m r e  nonl inear character ist ics,  but  w i t h  lower m i  nimum drag, 
might  be more su i tab le  f o r  mfssions where accelerat ion time i s  important and where 
1 i f t  can be generated from high dynamic pressure incurred a t  low a1 ti tudes o r  a t  
h igher Mach numbers. Hence, f i n a l  trades i n  missi le/mi ssion concepts may lead t o  two 
extremes--a miss i le  capable o f  reaching the ta rge t  area rap id ly  bu t  being unable t o  
perform the required end-game maneuver, or, a m i ss i l e  t ha t  has the po ten t ia l  o f  aer-  
forming a h igh ly  maneuverable in te rcep t  but  may have l im i t a t i ons  i n  the time required 
t o  reach the target  area. A su i tab le  concept between the Wo extremes may be d i f f i -  
c u l t  t o  achieve i f  a s ing le  system i s  required t o  operate over a wide range. A pre- 
f e ~ r e d  so lu t ion  may be t o  design spec i f i c  m i ss i l e  conf igurat ions t o  perform spec i f i c  
mission requirements, thus g iv ing  the user a wider choice o f  weapons t o  fill a var ie ty  
o f  possible mission needs. 
INTRODUCTION 
A continual need ex is ts  f o r  reviewing and updating the state-of- the-art  i n  
maneuverable m i  ss i  1 e conceyjts. O f  c i i r rent  i n t e r e s t  are means f o r  improvi ng m i  ss i  l e  
effectPveness whi le a t  the same time reducing the complexity and cost, p a r t i c u l a r l y  
f o r  h ighly maneuverable a i r - t o - a i r  o r  surface-to-ai r m i  ss i les.  Factors t h a t  a f f e c t  
m i ss i l e  ef fect ivezoss include aerodynamics, guidance and control,  propulsion, 
st ructures,  and warhead and fusing. Complete trade studies, o f  course, must consider 
such t h i  ngs as size, weight, carr iage and storage, launcher compati b i  1 i ty, and system 
complexity. Each o f  these fac tors  can be impacted by the conf igurat ion aerodynamics, f however. Therefore, i t was the purpose o f  t h i s  study t o  examine the aerodynamic 
behavior o f  a cruciform, a f t - t a i l  control  m i ss i l e  both w i th  and wi thout  a h ighly 
swept de l t a  wing i n  order t o  assess the r e l a t i v e  mer i ts o f  the concepts and t o  con- 
s i de r  possib le impl icat ions on design choice. Basic data f o r  the concepts are pre- 
sented i n  references 1 and 2. There being no unusually s i g n i f i c a n t  charac te r i s t i c  
d i f fe rence between the resu l t s  obtained a t  r o l l  a t t i t udes  o f  0 degrees and 45 degrees, 
on ly  i l l u s t r a t i v e  resu l t s  for  a r o l l  a t t i t u d e  o f  45 degrees are used i n  the present 
study. 
SYMBOLS 
The resu l t s  are re fer red t o  the s t a b i l i t y  axis system. The coef f ic ients ,  
symbols, and abbreviations are defined as follows: 
A maximum cross-sectional area o f  body 
a.c. aerodynamic center 
an instantaneous normal accelerat ion i n  g-uni t s  
drag coe f f i c ien t ,  drag 
q A  
CD ,o drag c o e f f i c i e n t  a t  a = 0" 
c.g. center o f  g rav i t y  
1 i f t  
l i f t  coe f f i c ien t ,  -q A  
aci 1 i  f t -curve slope a t  a = 0°, -
aa 
i t c h i n g  moment p i  t c h i  ng-moment coe f f i c ien t ,  
q A, 
h a1 ti tude 
1 body length 
M Mach number 
q dynamic pressure 
W weight 
Xac 1 ocation o f  aerodynamic center, percent body length 
a angle o f  attack, degrees 
6 p i  tch-control def lect ion,  degrees, pos i t i ve  t r a i  1 i ng edge down 1 
4) r o l l  angle o f  wing-chord plane w i t h  respect t o  l a t e r a l  reference plane, !' 
degrees 
APPARATUS 
Tunnels 
The inves t iga t ion  was conducted i n  the Langley Unitary p lan wind tunnel which i s  
a variable-pressure continuous-f l  ow f a c i l i t y .  The Unitary p lan wind tunnel has two 
1.22-meter-square t e s t  sections and the nozzles leading t o  the t e s t  sections are o f  
t he  asymnetri c s l  i d i  ng-bl ock type which permi t s  a continuous v a r i  a t i  on i n  tes t -sec t i  on 
Mach numbers from 1.5 t o  q.9 i n  the low Mach number t e s t  sect ion and from 2.3 t o  4.7 
i n  the high Mach number t e s t  section. 
Model 
Dimensional de ta i l s  o f  the model are shown i n  f i gu re  1. The body was a cy l inder  
w i t h  a 3.5-cal i be r  forebody and an overa l l  length-diameter r a t i o  o f  11.667. The 
wings and t a i l s  were made o f  f l a t  p la tes  w i th  approximately a 21.5 degree angle nor- 
mal t o  the ~Jeading and t r a i l i n g  edges. The wings had a lead i  ng-edge sweep angle o f  
72,9 degrees, an exposed panel aspect r a t i o  o f  1.23, a r oo t  thickness r a t i o  o f  about 
1.5 percent, and a r a t i o  o f  t o t a l  span t o  body diameter o f  3.667. The t a i l s  had 
a t r a p e z ~ i d a l  planform symmetrical about a 0.50-chord hinge l i n e  and were made from 
f l a t ,  p la tes  having an average thickness r a t i o  o f  about 8.4 percent. T a i l  de f lec t ion  
angles o f  0, 10, 20, 30, and 40 degrees were provided. 
Tests 
Tests were made f o r  Mach numbers o f  1.50, 1.90, 2.36, 2.86, 3.95 and 4.63. The 
Reynolds number was 8.2 x l o6  per  meter. The dewpoint was maintained s u f f i c i e n t l y  
1 ow t o  assure neg l ig ib le  condensation e f fec ts .  I n  order t o  provide boundary-layer 
t r a n s i  t i a n  t o  turbu lent  conditions, 0.16-cm wide s t r i p s  o f  No. 60 carborundum g r i t  
were placed 1.02 cm a f t  o f  the leading edge o f  the wings (measured streamwise), j u s t  
behind the lead i  ng-edge bevel on the t a i l s ,  and 2.54 cm a f t  on the model nose. 
The angle of  at tack was var ied from about -4 degrees t o  22 degrees. Results 
were obtained wi th  the surfaces hor izontal  and ve r t i ca l  ($ = 0') and w i t h  the 
surfaces i n  45-degree planes ($ = 45"). I l l u s t r a t i v e  resu l t s  a t  $ = 45' only are 
used i n  the present paper. Aerodynamic forces and moments on the model were measured 
by means o f  a six-componei~t e l e c t r i c a l  strain-gage balance which was housed w i t h i n  
the  model. 
The angle of  at tack has been corrected f o r  de f lec t ion  o f  the balance and s t i ng  
due t o  aerodynamic loads; angles o f  attack have a1 so been corrected f o r  tunnel 
a i r f l o w  misalignment. The resu l t s  have been adjusted t o  correspond t o  freestream 
s t a t i c  pressure ac t ing  over the model base. Values f o r  the base ax ia l - force coef- 
f i c i e n t s  can be found i n  references 1 and 2. 
Deta i led resu l t s  f o r  both the 0-degree and the 45-degree r o l l  planes may be 
found i n  references 1 and 2. - I n  'addition, r o l l - con t ro l  data f o r  d i f f e r e n t i a l  
de f lec t ion  o f  the t a i l s  w i l l  be found f o r  the winged model i n  reference 1. 
DISCUSSION 
Longitudinal Aerodynamic Characteri s t i  cs 
Representative long i  t u d i  nal resul t s  f o r  both the w i  nged and the wingless m i  s s i  1 es P 
are  presented i n  f igures 2 t o  4 f o r  Mach numbers o f  1.90 and 4.63 f o r  $ = 45' and a 
reference center o f  g rav i t y  o f  60 percent . The l i f t  and drag character is t ics  a t  
M = 1.90 f o r  8 = 0" and -20' ( f i g .  2) i nd ica te  tha t  the winged m iss i l e  provides 
subs tan t ia l l y  higher l i f t  f o r  a given angle o f  attack o r  w i l l  maintain a given lift 
a t  substant ia l ly  lower angles o f  attack. 4 desirable goal f o r  a maneuvering m iss i le  
would obviously be t o  a t t a i n  the highest l i f t  possible a t  the lowest angle possible. 
The l i f t  ava i lab le  i s  d i r e c t l y  re la ted t o  the maneuverability. The angle o f  attack 
has several imp1 i ca t i ons  re1 ated t o  regions a t  which f low separation (and possible 
aerodynamic nonl i near i  t i e s )  occur, i n l e t  f low character1 s t i c s  f o r  a i  rbreathing pro- 
pu l  s i  on systems, and "1 ook-angl e" requi rements f o r  guidance seekers. The s l  i gh t l y  
more nonl inear va r i a t i on  o f  CL w i th  a f o r  the wingless m iss i l e  r esu l t s  from, the 
in f luence o f  the f o reboa  l i f t  which increases w i t h  increasing a .  Thl s e f f e c t  i s  
l e s s  evident w i th  the winged miss i le  since the t o t a l  l i f t  i s  dominated more by the 
wing l i f t  than the forebody I f  ft. 
The drag-due-to- l i f t  i s  l ess  f o r  the winged miss i le  thus o f f e r i n g  the p o s s i b i l i t y  
o f  higher usable l i f t  and greater maneuverability. A t  the higher l i f t s  obtainable 
w i t h  the winged missi le,  the maximum values o f  t ~ t a l  drag are, o f  course, substan- 
t i a l  l y  higher than those incurred w i th  the wing1 ess missi le. An obvious trade t o  
consider here i s  the amount o f  l i f t  (o r  maneuverabil ity) required and the amount o f  
t h r u s t  ( o r  speed) imposed. As an ind ica t ion  o f  the th rus t  requirements, a drag coef- 
f i c i e n t  o f  4 equates t o  about 3,400 pounds f o r  an 8-inch diameter m iss i le  a t  
20,000 feet  and M = 1'90. 
The t r i m ,  s t a b i l i t y ,  and control  character is t ics  a t  M = 3.90 ( f i g .  3) i nd ica te  
a more l i n e a r  va r ia t ion  o f  C, w i th  CL and higher values o f  t r i m  CL f o r  the 
winged miss i le .  The nonl inear va r ia t ion  o f  Cm w i th  CL f o r  the w i  ngless m iss i le  
r e f l e c t s  the dominate inf luence o f  the forebody 1 i f t  which increases w i th  a and 
r e s u l t s  i n  a forward s h i f t  o f  center o f  pressure. Because o f  the decrease i n  s t ab i l -  
i t y  and the s l i g h t l y  higher control  effectiveness, i t  would be possib le t o  t r i m  the 
wingless m iss i l e  a t  the lower l i f t s  w i t h  less cont ro l  de f lec t ion  and less t r t m  drag 
than would be required f o r  the winged missi le. Here again the trade e f fec ts  i nvol we 
t h e  lower t h r u s t  requirements f o r  the w i  ngless m i  s s i l e  a t  the expense o f  higher 1 f f t  
capabi 1 i t y  . 
S imi la r  aerodynamic resu l t s  f o r  the winged and the wingless m iss i l e  a t  M = 4.63 
a re  shown i n  f i gu re  4. The l i f t ,  drag, and t r i m  character is t ics  are essen t ia l l y  the 
same as those a t  M = 1.90. However, the increased control  ef fect iveness f o r  the 
wingless m iss i l e  i s  somewhat more pronounced and the decrease i n  s t a b i l i t y  i s  more 
severe for  the case of a constant c.g. location. I n  fact ,  for  t h i s  Mach number, a 
forward s h i f t  i n  c.g. would be required i n  order t o  provide s t a t i c  long i  tud ina l  
s t a b i l i t y  and t r i m  f o r  the wingless missi le. 
It i s  recognized t h a t  weight dif ferences due t o  wing s t ruc tu re  i s  a lsa a 
necessary considerat ion t o  a comparative study. However, it i s  bel ieved t h a t  f o r  a 
maneuveri ng m i  s s i  1 e, the aerodynamic d i  f ferences woul d be o f  more s i  gni  f I cance than 
wing weight dif ferences. 
Longi tudS nal  Aerodynamic Parameters 
Three key l ong i tud ina l  parameters--the 1 i f t  curve slope, the  m i  nimum drag, and 
t h e  aerodynamic center  locat ion--are summarized as a func t i on  o f  Mach number i n  
f i g u r e  5 f o r  the two miss i les .  The subs tan t ia l l y  h igher C L ~  f o r  the winged m i s s i l e  
and the h igher  C D , ~  are ev ident  across the  Mach number range. The l i f t - c u r v e  slope 
i s  increased by a f a c t o r  o f  2 t o  3 and has important impl i c a t i o n s  on weight-sustaining 
c a p a b i l i t y  as we1 1 as on maneuverabi l i ty.  The minimum drag d i f ference,  wh i le  
seemingly small, could have important  impl i c a t i o n s  on the  t h r u s t  requirements and the 
f l y - o u t  t ime dur ing f l i g h t  under near ly  b a l l i s t i c  (zero l i f t )  condit ions. It should 
be remembered, however, t h a t  the 1 ower drag-due- to-1 i f t f o r  the w i  nged m i  s s i  1 e tends 
t o  o f f s e t  the  minimum drag penal ty  as the f l i g h t  l i ft c o e f f i c i e n t  increases. 
A considerably greater  v a r i a t i o n  i n  aerodynamic center  l o c a t i o n  w i t h  M occurs 
f o r  the wingless m i s s i l e  than f o r  the  winged miss i le .  This v a r i a t i o n  i s  caused by 
t h e  changes i n  forebody l i f t ,  which I s  a primary producer o f  l i f t  fo r  the  wingless 
miss i le ,  and r e s u l t s  i n  compl icat ing the problem o f  mainta in ing a compatible c.g.1a.c. 
l o c a t i o n  f o r  s t a t i c  s t a b i l i t y  over the Mach number range. The wingless m i s s i l e  was 
found t o  be s tab le  a t  Mach numbers from about 1.5 t o  2 w i t h  the c.g. as f a r  a f t  as 
70 percent  I . However, i n  order t o  provide s t a t i c  s t a b i l i t y  f o r  Mach numbers up t o  
about 4.7, the c.g. f o r  the wingless m i s s i l e  would have t o  be a t  about 50 percent 
w i t h  the p r o b a b i l i t y  then o f  excessively h igh s t a b i l i t y  l e v e l s  a t  Power Mach numbers. 
The small v a r i a t i o n  o f  xac f o r  the  winged m i s s i l e  (about 5 percent I 1 considerably 
r e l i e v e s  the  problem o f  c.g.1a.c. compa t ib i l i t y .  With the c.g. a t  60 percent I, f o r  
example, the  winged m i s s i l e  i s  s tab le  over the  M range from 1.50 t o  4.63 whereas 
t h e  wingless m i s s i l e  i s  unstable above about M = 3. 
Maneuver Character i  s t i  cs 
The t a i l  t r i m  l i f t  ef fect iveness f o r  t he  winged m i s s i l e  a t  various c.g. l oca t ions  
i s  shown i n  f i g u r e  6 f o r  a l l  t e s t  Mach numbers a t  4 = 4 5 O  and f o r  t a i l  de f l ec t i ons  
t o  -40 degrees. These r e s u l t s  show a general decrease i n  e f fec t iveness w i t h  increas- 
i n g  6 a t  the lower Mach numbers f o r  the more forward c.g.'s. It i s  important t o  
n o t i c e  t h a t  t h i s  c h a r a c t e r i s t i c  changes w i t h  increasing M, however, and the  e f fec-  
t iveness increases progressively up t o  the maximum d e f l e c t i o n  angle. This character- 
i s t i c  i s  i n d i c a t i v e  o f  the  b e n e f i c i a l  e f f e c t s  o f  the  l o c a l  increase i n  dynamic 
pressure i n  the v i c i n i t y  o f  the t a i l  and i s  apparent e i t h e r  w i t h  a r  w i thou t  the wing. 
The r e s u l t s  o f  f i g u r e  6 a lso  show the expected increase i n  t r i m  c a p a b i l i t y  as the  
c.g. moves rearward. The r e s u l t s  i nd i ca ted  t h a t  a c.g. l o c a t i o n  o f  62 percent I was 
t h e  most rearward f o r  which p o s i t i v e  s ta ts i c  s t a b i l i t y  could be maintained f o r  t he  
winged m i s s i l e  throughout the  range o f  these tests.  S im i la r  t r i m  l i f t  curves were 
developed f o r  the  w i  ngl ess m i  s s i l  e and ind i ca ted  t h a t  the  most rearward permi s s i  b l e  
c.g. over the  range o f  these t e s t s  was about 51 percent I. The t r i m  l i f t  a t ta inab le ,  
as depicted by such curves, when d iv ided by the  l i f t  requ i red  f o r  a spec i f i ed  weight 
and a1 ti tude, determine the  instantaneous normal acce lera t ion  po ten t i  a1 l y  avai 1 able. 
An i l l u s t r a t i o n  o f  the normal acce lera t ion  p o t e n t i a l  f o r  a W/A o f  35.gCkN/m 2 
w i t h  the  c.g. a t  60 p e r c e n t 1  i s  shown i n  f i g u r e  7 f o r  the winged and wingless 
m i s s i l e s  a t  three a l t i t u d e s .  These curves are a r b i t r a r i l y  l i m i t e d  t o  a maximum g 
o f  50 o r  t o  the Mach number a t  which s t a t i c  i n s t a b i l i t y  occurred. Operational bounds 
f o r  given f l i g h t  cond i t ions  can be determined from such curves and s i m i l a r  curves can 
be developed f o r  other a1 ti tudes, loading condi ti ons, or  c .g. 1 ocations. Several 
observations can be made from the resu l t s  shown i n  f igure 7. For example, the an 
values f o r  a given f l i g h t  condi t ion are always less for  the wingless m iss i le  than f o r  
t h e  winged miss i le  as would be expected from the dif ference i n  l i f t  capab i l i t y ,  A t  fi 
t h e  lower a1 ti tudes, the winged miss i le  indicated g-loadi ngs a t  Mach numbers above 
about 3 t h a t  woul d probably approach normal s t ruc tura l  1 Srni tat ions.  I n  addit ion, i 
s i g n i f i c a n t  high a l t i t u d e  g capab i l i t y  i s  indicated f o r  the winged missi le, espe- r' 
c i a l l y  when f l y i n g  a t  the higher Mach numbers. For example, f o r  the highest a l t i t u d e  
shown (21,336 m o r  70,000 f t )  , the winged miss i le  a t  M = 4.63 has an an value o f  
about 18 g's.  
There are regions where substantial  g capab i l i t y  ex is ts  f o r  the wingless 
missi le.  A t  h = 6,096 m (20,000 f t ) ,  f o r  example, the wingless m iss i le  achieves an 
an of about 26 a t  M = 2.86. The same g-level f o r  the winged miss i le  occurs a t  a 
somewhat lower Mach number o f  about 1.8. Hence, the advantages o f  speed and lower 
a l t i t u d e s  f o r  developing dynamic pressure are apparent. Higher speed f o r  a constant 
g-level a lso resu l t s  i n  a l a rge r  turn ing radius, however. A d e f i n i t e  advantage o f  
t he  higher possible speed f o r  the wingless m iss i le  would be i n  the reduced f l y -ou t  
t ime dur ing accelerat ion toward the ta rge t  before end-game maneuvering i s  required. 
Th is  time t o  in te rcep t  can be extremely important. 
COMGLUDIMG REMARKS 
A study has been made o f  the aerodynamic character is t ics  o f  a t a i l - con t ro l  
cruci form maneuverable m i  s s i  1 e w i th  and without 72.9 degrees cruci form de l ta  wings a t  
Mach numbers from 1.50 t o  4.63. 
The resu l t s  ind icated t ha t  the w i  nged m i  ss i  1 e provides substanttal ly higher 1 i f t  
f o r  a given angle o f  attack o r  w i l l  provide a given l i f t  a t  substant ia l ly  lower angles 
o f  attack. The winged miss i le  does, o f  course, have higher values o f  drag near zero 
1 i f t  but  the drag-due-to- l i f t  i s  lower and for  maneuvering f l i g h t  tends t o  o f f s e t  the 
minimum drag penalty. The winged miss i le  has more l i n e a r  p i t ch ing  moment character- 
i s t i c s  and substanti a1 l y  less aerodynamic center s h i f t  w i t h  Mach number. The presence 
o f  the wing does s l i g h t ? y  reduce the control  effect iveness o f  the t a i l .  However, the 
winged missi le,  f o r  a given f l  i g h t  condition, always provides the highest po ten t ia l  
i nstantaneous normal accel e r a t i  on. 
The w i  ngl ess m i  ss i  1 e shoul d be capabl e of higher 1 ongi tud i  nal accel e r a t i  on 
during b a l l  as t i c  f l  i g h t  because o f  lower minimum drag. Hence, f i n a l  trades i n  
mi s s i l  e lmi  ssion concepts may evolve t o  two possible extremes--a m iss i l e  capable o f  
reaching the ta rge t  area rap id ly  but being unable t o  perform the required end-game 
maneuver, or  a m iss i le  t h a t  has the potent ia l  o f  performing a h igh ly  maneuverable 
i n t e r cep t  but  may have l i m i t a t i o n s  i n  the time required t o  reach the ta rge t  area. F 
The best possible concept l i e s  somewhere between the two extremes and, even w i th  
carefu l  trade studies, would be d i f f i c u l t  t o  achieve i f  a s ing le  system i s  required 
t o  operate over a wide range. An obvious preferred so lu t ion would be t o  design spe- d 
c i f i c  m i s s i l e  conf igurat ions t o  perform spec i f ic  m i  ssion requirements, thus g iv ing  
the user a wider choice o f  weapons t o  f i l l  a va r ie ty  o f  possible mission needs. 
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